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Ii. INTRODUCTION

This status report is concerned with a research program sponsored by
the Nationazl Aeromazutics and Space Administration with technical
liaison handled by lewis Laboratary in Cleveland. The originsl
Objective of the research program was to investigmte the bubble
mechanics and heat transfer aspeets of liquids boiling under sub-
cooled conditions while subjected to a negligible gravity environment.
At the suggestion of the NASA Technical Monitor, Mr. Otto, the primary
emphasis of the program is currently being placed on obtaining radius-
time relations under normel gravity conditions. The effects of the
negligible gravity enviromment will be investigobted at a luter date
vhen the narmel gravity situstion is well defined.




II. STATUS OF TECHNICAL WORK

The work on this project since the last report (November, 1963) has
consisted primarily of performing the necessary modifications to the
boiler and supporting instrumentation needed to supply the best
possible laboratory data. Many of these modifications are of such

e nature that they will be of no use in later zero-gravity studies
but do improve the quality of the laboratory experiments considerably.
During the latter weeks of this reporting period, a significant
number of experimental date runs have been mede and analyzed. This
work will be described in the following peragraphs.

Equipment Modifications

There have been no modifications mede to the heating element or
heating jig since the last report. However, there was evidence that
the bubbles were tcuching the mirror at low subcoolings and high heat
fluxes. Therefore, the gold mirror was moved back epproximately

1/16 inch from the heating surface to allow a better view of the
hesting surface and base of the bubble,

The beiler was mcdified to allow & larger field of view of the heating
surface. This was accoumplished by making a new lens holder and 1lid
vhich allowed & 2-inch extension of the boiler. The quality of photo-
graphic data obtaired was significantly improved by this step. After
a number of data runs to properly focus the lens with the camera, the
boiler was sealed and equipped with a condenser system to prevent loss
of water during test runs.

Since the primary cbjective of the research program now. is to obtain
zood laeboretory data, the lighting system for the camera was modified.
Earlier designs had to be incorporated irto the drop package and placed
severe powexr and space restrictions on the lighting system which are
nct a prereguisite in the laboratory. A system of commercial flood
lazps and "sunguns" are being used at the present with satisfactory
results.

The bulk temperature measurement is being accomplished with a set of
30 gauge iron-constantan thermocouple probes placed at % and h% inches
above the heating surface. These probes are being monitored with a
dual channel potentiometer employing an ice bath reference junction.

Experimental Test Runs

At the time of this repcort a total of 27 test runs of the system have
been completed. Of these, twenty were at a heat flux of 80,000 BTU/HR-FI®
and seven were at a heat flux of 50,000 BTU/HR FT2. Only nine test rums
at the 80,000 heat flux produced photographic data of & usuable nature

due to the extremely sensitive nature of the lens system to lighting and




focusing. All cf the runs mede at 50,000 BTU/HR FI° are of usable quality
and are progressively better due to iaproved fucusing and lighting tecnnigques.

These test runs cover & range of bulk temperatures frcem 202°F to 160°F.

The test runs made near saturaticn itemperature do nct produce usable
photographic data. As the bubbles leave the surface at low degrees of
subcooling they tend to cclleet on the lens which is positicned directly
above the heating surface. Hcwever, as the subcocling increases, this

is no longer a problem and the condensing bubbles dc not collect con the lens.

A meximum framing rate of 7800 frames per secord 1s being achieved. How-
ever, bubbles suitable for analysis are nct always cbtained during the
shert pericd of time in which the camera is at waxirmw framing rate. Esch
roll of film produces from zero tc four bubbles suitable for aenalysis,
depending upon adjacent bubbles which cften interfere with the growtih
pattern of each cther.

Lata Analysis

Investigation of the photographic records lndicate that there are at least
three types of bubbles or bubble patterns present during the boiling pro-
cess: (1) Oscillatinz Bubbles - this type cf bubble is generally suall
and its point ¢f nucleaticn is a very active site. The Dbubble is first
evident as a very small pcint of light appearinz in the vertical view
mirror. The bubble oscillates at a very high frequency in both an ex-
panding and contracting mode and also in a horizontal mode. Hany of these
bubbles grow in a gradual manner with the bubble contracting less than it
had expanded. After & nunber cf oscillaticns and the resulting growth,
scue of the bubbles will seperate from ithe surface and be ccndensed. Suf-
ficient data is nct yet available tc atieipt an enalysie of this phencmena
in a quantitative sence.

(2) Continuous growth and decay bubbles - this type of bubble does not
exhibit the oscillating mction previcucly described. Tne bubble, when
first evident on the Tilx:, has achieved 1/5 tc 1/3 ¢t its final diameter.
The bubbles ccntinues tc grow at a dinminishing rate until it reaches a
maximun diameter in the plan view and then bezins to ccndense at a much
slower rate. Some of this {ype <f bubbles separate from the surface after
experiencing a necking-dcwn pricess which Lccurs a considerable time after
the maximum plan view diameter is reached.

(3) Multiple bubble groups - this type of bubble groups contain bocth the
cscillating and the continucus growth types but appear to nucleate in
groups cf two or more simmiltanecusly. The heating surface will often lie
void for considerable periods of time withcut nucleating a single bubble
and then two or more bubbles will appear simmltanecusly and immediately
begin to attract each other. Upon combining, they separate from the sur-
face quite viclently anl experience ccnsiderable distortion during the
ccndensing process. Due to the extrewmely irregular surface and uncon-
ventional action ¢f the bubbles, the evidence <f this type of bubble groups
has not been sufficient to allow a quantitative apprcach to the processes
involved.




A quantitative analysis has been attempted cn the continuous growth and
decay type tubble. This approach is based upcn assuuing that the bubble
can be analyzed as & sphere with a mean dia.eier equivalent to the average
of the three axes. These three distances ere ueasured from the film
records after magnifying the image epproximately sixty times. This nmean
diameter is then plotted &s a function of time. This diameter versus time
curve is then erentiated twice to give the velocity (R) curve and the
acceleration curve.

Figure 1 is a proposed radius-time curve fur this type of centinuous
growth and decay type bubble. The velccity and acceleration curves are
alsc shown on the figure. Only a small porticn of the total curve can
be witnessed in the phctographic records due tc the limitations of the
camera framing rates and the tendency cf the bubble to distort and move
out of focus afier detachment.

Reglon (1) is the initial growth period contained within the nucleating
site. 1In this stage of growth the bubble is nct visible and thne tiue
required to couplete this stage is unknown vut should not be over a few
minsrancan~srnde Trn AdAnveddon

Region (2) is the initial expansion stage of growth and is very dynamic in
naturq. The elapsed time for this regicn is less than 130 microseconds,
one camera frame, and the mean diameter of the bubble has obtained 1/5 to
1/3 of its final maximimun value at the end cf this pericd. The bubble is
not visibly witnessed until it has entered Region (3) marked by the line
0-0'. This region is the final expansion and decay portion of the bubble
cycle. Approximately twenty bubbles have been analyzed and plotted in
this manner and all exhibit the same general curve shape and magnitudes.

The megnitude of the velocity curve upcn entering Region (3) has decayed
to 50-400 cm/second for the cycles studied. The acceleraticn curve has
decayed to a deceleraiicn of 200,000-2,000,000 cm/sec2 for these saune
cycles. All of the bubble cycles studied so far indicate that both of
these curves have passed their inflecticn pcints prior to entering the
vislble region. If this deducticn is valid, the momentum and inertia
forces present in region (2) must be several orders of magnitude greater
than the cnes witnessed in Region (3).

Flgure 2 is a plot of maximum mean diameter versus degree of subcooling.
This figure indicates that there seeus to be some relation between sub-
cooling and maximum mean diameter, and alsc between heat flux and meximum
mean diameter. However, it should be said that bubbles of all shapes and
sizes exist for every subcocling and heat flux and if a true relaticn of
these variables exists it will have tc be defined in & statistical average
based on a large nusber of bubbles at every value of heat flux and sub-
cooling. The bubbles studied and plcited in Figure 2 were picked entirely
at random and nc atvempt was directed towards size distrioution.
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Due to the limited cdata aveilable and the inability of the camera system
te reeurd tie rowth characterisvics of Rezion (2) s v Zeneral relaticnshir
nas veen icund vewween tie uezree of suuvc.ouling and velicliiy or acceler-
ation. A relaticn I Tals scru weuld be emntrenely difficult to cefine
urtil a camxicn roint In the growth cycle can ve lucated.

The abeve discussicn ¢f a bubble cycle has been based ¢n cbserved data
ano aralyzed on tuc assuapvion that a Luvble can ve corsidered & snherical
uodel. This assunption leacds to inconslstencies wihich cannct Le reccn-
ciled with the actual srowih, cecay, and separaticn cf a bubble in a
sutcovled boiling precess. Tne object of whls research prograc is to
Tine & relaticn of the bewrant forces ¥ the lnertia {irces in the form
i a aelified Frouce Paster. It was criginalliy assused that a bubble
c.uld ve e.jgressec as a svuese with a Lean Ca.eter bosed on the turee
wi;wz;;i\;r.s ci’ tie buvele and what scpeiacl.on wouda ceceur at Rog...  wuper-
£rtal evicence Indicates that both oy chuese asswapticns are invalid

onG ¢ nee define wae (Cnamics Liv.ived.

Sutbles erc untered in subeocled beiling are not srherical Curiny their
SOV Gie decly jmdscs.  They cnly asia ackh: a zeneral spher.eal shane
. L tae carly sorilon o2 thelr 1ives wien Loy are very s:nll and

o souerical sihane aiter tuey Lave seyesated fro.a the
30TeCe aLd are wenuing vowards tae sbape of a wirniows velwe, l.c., &

t
i{
fof
5
f

Zoerliental ata indicates that vubbles jenerally have an axlal arranie-
Lene i tue tewres wal oype awring fus r.owil and decay plases, L.e., WO
coaal and ore saureer anls and all av 90 1. cach cther. The tuubles are
Selweraley,y 1 a veancatec spuericul soale vien very s.all. This can ve
WILrAGosRG o) e luservavlon of e oualT «sclilatoer iype bubbles. They
il . Tu Coeillave very livtle in o uthe wvert.cal dcireccion uncil m.x.,.f Lave
citalied ar lnereased volwx. LS 8 Lubble conmilinues wo grow the ratio
1 ovie (a-a) ees v tae veriical 8:ls5, L, ap r acues 2/1. Tuls ratic
Cr5l5vs @ ell wie {a-a) ases r 5 @ .edo.all. At this time the
ervical axis corviicles o srow and he {a-a) ases Legin to diminisi.
do orecess 1o condinued wvil ell tarec aues are a;;prox1lhm.lj equal
at vwhlecn vi.e a neclilii=down process bejins a swall distance avcve the
weating surfuce. The Lubble is evern uuul“"' separaved frou the suriace
DU thls separaiticn ¢.es not take place curing the growth dynasdces of
the plan view clanwter. This sevaracion talies place long after tuie nlan
view clameter ol cie wubble has reacued a el and Qoe3 nou appear
ve be a hignly ma.de nricess.

o-3<'

Miese piints may be swumrized as fullcows:

(1) A bubule carnct be adequately dGeseribed and analyzed as
a spuere . an equivalent spierical velunre. Tae bLucble
snape, aua tuaercefure vae voluie, s a Dwetivn of tioe
ard :msi ve treated as a point valu




(2) Bubbles do not separate at R, i.e., (E;i;f?iji) cr (a * a - b)l/3
but only when b = a.

(3) If the heat transfer cut cf the bubble interface is equal tc
cr greater than the heat transfer intc the bubble from the
surface and superheat layer, the btubble will not separate.
It will becume stagnant, begin t. condense, .r become an
oscillator type bubble.

Taking these findings intc account, it seeis reascnable t¢ assuwe tiac
any analytical approech to the bubble .eclan.cs ing & spherical .wwel
incorporates inherent incons’ stencies wiich carnct be accuounted fir. For
this reascn it is necessary to perfir: a ucre rigorcus analys.s of each
bubble on a volwze and shape basis. T.e fulluwwing firce eguatlicns are
propecsed es a means of accomplishing cuis analysis:

Bcyyant Forces

Without excepticn the experimzental daia c¢bialned in the progra: has indicated
thet the bubble shape In tae plan view is circular withirn =xperiagencal

errcr. Therefire, the contrilling dimension i the bubble cycle 1s e
vertical height aucve the nheatin;; suriace ai:d¢ tie correspending bubble

shape in the vertical profile. If we lev V, equal the luutble vclue at

any time it can be deteriiined graphically ira. the vertical profile.

The bcyant fcrce results from the difference of the density of the vapor
and the liguid violuse it Glsplaces. For any si:ape vubble uipls expressicn is:

—

i

o TN (x-x) ()

Since the vapur cenrnsity is several orcfers cf magitude less than ihe
density of the liguid, it may be reglected and the equation recuces ui:

- -9
/[; —3’C‘fLV5 (2)

the mirus sign irndicates that the bowyant firce is directed cpposite to
the gravity field which is a nesative quantity.

Inert a Forces

The growing bubble ¢stabvlishes a flow Tield in the surrcunding liquid.
This flow fleld is cCivected in all directiuns away froum the Leating surflace
during the growth phase of the bubble. However, the bubble is basically




symmetrical abcut the,vertical axis and the only net inertila firce actin:
cn the bubble will b!direcied away irc. The neaving suriace.

Tiie btubble induced inertia force is equael t. the til.e race of change «f
mepenows, i.e.

where u is the apparent mess cf the liguld put intc meticn and ¥ is Suc
Las3s cenver veloeity.

m=Vbﬁ

- UA ()

Then by substitutin:

- e
>

fo = S (i) (5)

Differentiating witlh respect t¢ time yiclds:

~

Fo= fo U dVe + -
cLhGE Thedy

Oy

Fo = ng-Ube ‘fVéUbj (1)

Tuis equation is a general equaticn Iir inertia Tirces and is valid at
any tiae in the bubvle 1life cycle. The variacles V ana U cre puoint
functicns directly related tc bubble siape and tuerefore funciicus of
s

LLle.

~

The veluuse versus tine and center ¢ .@ss versus tinge curves wilil lave Lo

ve derived from tne high speed phoetograziie records and celeulated grapnically

from each frawe. Although this methié is consideravly ucre rigerius aud

N




demanding, it should prcduce data which more nearly fits the actual
process.

Analytical Procedures

Since both the viscous and surface tension fcrces are directed towards the
heating surface and tend to retard or prevent separation, they can be
neglected from this study cf separation causing forces.

The Froude Number is a dimensionless ratic expressing the relaticnship
of the inertial forces to the bouyant forces (i.e. gravity in this case).
Using & modified form of this expression io compare these flow fields
yields:

9& = le = ZL-[~L& Ci + Vzljb;] (8)
F Fa e
‘99: £ Ve

or reduced to:

V} = -—5;%1 [ptjspa + b%‘&&ajz (9)

Frcm this expression it’can be seen that as zero-gravity is approached,
the factor beccmes infirnitely large. However, ic effect sepasration,
the inertia forces must still exceed tne surfece ternsion and viscous
forces tending to hold the bubble to the surface.

10




lleat Transfer Data

Primary emphasis has been placed on tue bubble dynamic aspect cf the
rregran during this initlel series of test rurs. However, a significant
smount of heat transfer date has been recurded and anelyzed at the two
heat fluxes covered by this repcrt. Figure 3 is a plot of heat flux
versus bulk liquid tewmperatures. This figure illustrates the extent to
which the test series has covered the ranges ¢f subcocling.

Figure 4 is a plot of the cverall heat transfer coefficient (UT) versus
the degree of subcocling. The data indicates a general trend of the
ccefficient increasing with a decrease in subcocling for a constant
heat flux. Tuis trena is what would ve expected in the rucleate boiling
region. However, it is alsc evident that consicersble data scattering
is being cbtained. Tuis incunsistency is a result ¢f wide variaticns
in surface ieperature obtalined at a cunstant neat flux and sutcocling.
It has nct been deter.ined whether this varlaticn is caused by the nu-
cleating process or is due to instrusentation defects. Purther efforis
will be made to deleruine tie cause f this discrepancy in future test
Tuns.
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ITI. PROPOSED FUTURE PROGRESS

Further experinental studies will be conducted in several other heat flux
ranges gnd with a wider range of subcccling at each flux. The majority

of these runs will be conductied at heat fluxes in excess of 100,000 BTU/HR-FT®
due to the diffigulty of maintaining counsistent boiling at fluxes less than
50,000 BTU/HR-FI-.

As a result of the experimental findings described earlier in this report,
it has been decided that the camera system shculd be modified to allow
vertical profiles of the bubble to be recorded. This can be acccmplished
by placing the camera dn & horigontal position and filiing the bubble
against a contrasting background. This poslition will produce the vertical
profile of the bubble directly and as a resulti c¢f the placement the bubble
will remain in the focusing plane of the camera during its entire cycle.
The plan view diameter will be measured from the vertical profile and as
mentioned earlier, tnis plan view has consistently been circular in shape.

Bince the inertia and momentum forces invclved in the growth phase of the
bubble are primarily develcped in the first 150 micrcseconds or less of
the bubble 1ife, it would seem advisable tc mske an attempt to deline the
magnitude of these forces. This can cnly pe accouplished by ewploying a
camera with sufficient framing rate to record this early radius vs. tine
relaticnship. It is estimated that e freming rate of at least 100,000
frames per second would be required to give sufficient data in this area.
However, this requirerent is well beyond the capabilities of the system
being used, although the use of any camera giving frawming rates abcve
6,000 frames per second would be helpful.
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